We investigate correlation effects in the regime of a few electrons in uncapped InAs quantum dots by tunneling spectroscopy and wave function (WF) mapping at high tunneling currents where electron-electron interactions become relevant. Four clearly resolved states are found, whose approximate symmetries are roughly s and p, in order of increasing energy. Because the major axes of the p-like states coincide, the WF sequence is inconsistent with the imaging of independent-electron orbitals. The results are explained in terms of many-body tunneling theory, by comparing measured maps with those calculated by taking correlation effects into account.
Quantum dots (QDs) have attracted great attention in the last years as ideal materials where three-dimensional (3D) electronic confinement leads to novel phenomena and applications 1 , from optoelectronics to implementation of quantum computation. In particular, strain-induced InAs QDs have been largely investigated and used in optoelectronics due to the possibility of achieving emission at wavelengths of interest for telecommunications [2] [3] [4] [5] . The wave functions (WFs) of electrons and holes confined in the QDs are the most basic features ultimately determining all QD properties. Some of us previously demonstrated that it is possible to map the dot WFs in the one-electron regime by means of spatially resolved tunneling spectroscopy images 6 . The presence of more electrons in a QD leads to a Coulomb interaction between carriers. As a consequence the injection of an additional electron into the QD affects its energy spectrum and ultimately changes the WFs, leading to novel ground and excited states. Understanding this basic but fundamental issue would be a key step forward for the comprehension of few-particle interactions in strongly correlated systems as well as for applications in the fields of single-electron devices, spintronics, and quantum information encoding. Indeed, QDs with a few electrons can be strongly interacting objects and large correlation effects have been recently reported in light scattering 7 as well as in high source-drain voltage spectroscopies 8 .
Despite theoretical predictions that WF mapping of QDs should be sensitive to correlation effects 9, 10 , there has been no clear experimental evidence yet. In fact, all WF images obtained so far, in both real 6, 11, 12 and reciprocal space [13] [14] [15] [16] , have been basically interpreted in terms of independentelectron orbitals. Here we investigate correlation effects by WF mapping. Specifically, we study uncapped InAs QDs by tunneling spectroscopy at high tunneling currents where electron-electron interaction and correlation effects become relevant. We find four clearly resolved states: their maps loosely display s-like and p-like symmetries, in order of increasing voltage. Surprisingly, the p-like states elongate in the same direction. As a consequence, it is not possible to explain the WF sequence in terms of either one-electron orbitals (then two orthogonal p-like states should be observed) or selfconsistent orbitals (a replica of the s-like instead of the p-like state would be expected, in the case of charging of a second electron). We show that correlation effects play a crucial role in this case and we use many-body tunneling theory combined with full configuration interaction (FCI) calculations 17 to explain the experimental observations. overgrown (see Figure 1a ) in order to provide the decoupling necessary to investigate the inherent electronic properties of the QDs and to obtain direct images of the dot WFs disentangled from the electronic structure of the substrate. Finally, the sample was cooled down to 500 °C in order to form the QDs by depositing 2.1 ML of InAs at a growth rate of 0.05 ML/s. Reflection high-energy electron diffraction (RHEED) was used to monitor in situ QD formation. A transition from a streaky to a spotty pattern (indicating the onset of three-dimensional islanding) and chevron-like spots generally attributed to QD facets were observed 18 . The base pressures of the MBE and scanning tunneling microscopy (STM) chambers were below 10 -10 mbar and the samples were transferred into the STM (within 1 h) without being exposed to air by means of a mobile ultrahigh vacuum transfer system at mbar in order to avoid contamination. 9 
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To spatially map the energy-resolved local electron density, we have used scanning tunneling spectroscopy (STS). According to the standard mean-field theory 19 , the differential tunneling conductivity is to a good approximation proportional to the local density of independent-electron states (LDOS), and in the case of a system described by discrete states reported in recent studies, in particular by Marquez et al. 18 . Besides the bright QDs, several steps are visible on the wetting layer (WL), which has a 4 2× reconstructed structure similar to that of the GaAs(001) surface 6 .
To examine the electronic structure in our QDs, scanning tunneling spectroscopy was performed on individual dots. Figure 2 (top part) shows typical spectra taken on a relatively small QD in different positions. Four clearly resolved peaks corresponding to resonances in the QD's spectral density were observed in the STS spectra, indicating that the effective energy resolution
than the level spacing. In particular, we identify sharp peaks marked A at 840 mV, B at 1040 mV, C at 1140 mV, and a broader peak D at 1370 mV, whose full widths at half maximum (FWHM) are about 30, 25, 40, and 75 mV, respectively. Moving from the QD center to its sides, the intensity of the lowenergy peak decreases while the others increase in weight. Moreover, we observe a small blue shift of the whole spectrum to higher energies, probably due to the increased band bending at a smaller distance between the tip and the degenerately doped GaAs backgate when the tip is at the rim of the QD 6 .
However, since the resulting peak shifts are small, images still largely represent the peak intensity as a function of position 6 . As a consequence, it is not possible to explain the WF sequence (and map C in particular) in terms of states of the systems with just one electron, since in this case we would expect the appearance of either a single p-state or two p-states elongated in the [1 10] and [ directions, respectively. On the other hand, we also exclude the charging of the same p-like orbital with a second electron having opposite spin, since in this case we would expect to observe also the charging of the s-like orbital, resulting in a second state with circular symmetry. For similar reasons, C is not a phonon replica 110] 22 . As a consequence, we believe that correlation effects play a key role and the quasi particle WF concept is needed to understand these features. We do not observe any p-state elongated along [ in the voltage range explored since it lies at high energy due to the strong anisotropy of our QDs (see Figure 1 ), according to previous theoretical predictions 110] 23 .
For further discussion of the state sequence, we start by noting that states B, C, and D are oriented in the same direction ([1 10] ), as we also observed in our previous report 6 . This indicates that the effective potential confining the electrons has a C 2v symmetry, i.e., is approximately an elliptic harmonic trap in the plane where the elliptical anisotropy models both geometrical deviations from perfect circularity and atomistic effects due to strain, piezoelectric fields, and interface matching.
FCI calculations ) , ( y x
17 taking into account this QD anisotropy, the effect of dielectric environment, and electron correlation were thus performed to address the effect of electron-electron interaction on quasi particle WF mapping. In more detail, we considered the fully interacting Hamiltonian for different electron numbers, N, and we solved the corresponding few-body problems numerically in an accurate way, by means of the FCI method 17 , that we previously have successfully applied in predicting QD transport 24 and Raman spectra 7 . Eventually, from the FCI output for N and N -1 electrons, consisting in correlated ground and excited states expanded into a superposition of different electronic configurations (Slater determinants), we compute the quasi particle WF maps 9, 10 to be compared with states of Figure   2 (ref 25). The more correlated the dot, the stronger the configuration mixing, which modifies the spatial shape of the quasi particle WF due to interference among different orbitals. In this respect, it is worth noting that the effect of dielectric mismatch between InAs and vacuum is believed to be strong 22, 26, 27 . Qualitatively, its inclusion into our model implies that 26, 27 (i) the single-particle confinement potential is changed (self-polarization effect) and (ii) the electron-electron interaction is strengthened (interaction with surface image charges of like sign). While issue (i) does not change qualitatively the model, feature (ii) enforces correlation effects, which are relevant in the present context 22 . In order to qualitatively mimic this effect in the calculation, we thus introduced an ad hoc strengthening factor multiplying the Coulomb interaction term of the Hamiltonian. Specifically, the equivalent relative symmetry, which is compensated by radial correlation along the major axis. This can also be seen as a manifestation of the general statement that the importance of correlation increases as the system dimensionality is reduced (in this case, from 2D to 1D).
In Figure 3b , we present (from left to right) the experimental STS energy spectrum (first column) and typical predicted maps calculated separately for the charging processes corresponding to the injection of the first (second column) and second (third column) electron into the QD. Different FCI calculations for different sets of input parameters were performed, showing the same qualitative trend as displayed in Figure 3 . Thus, in this case the quasi-particle WFs probed by mapping considerably deviate from the noninteracting WFs. As far as the energy scale is concerned, theoretical results are consistent with experimental ones if a voltage/energy conversion factor around 2.6 is assumed, while a factor around 2 is obtained from a lever-arm-rule estimation considering that the applied voltage drop is shared between a 5-6 nm high QD and a 5 nm tunnel barrier while the tip-sample distance is typically around 1 nm.
However, a strict quantitative comparison between measured and predicted quantities is presently out of reach because sample details, such as the exact confinement potential, and the degree of anisotropy are unknown. Since the peak FWHM in the WF mapping is around 50 mV, the energy resolution is not sufficient to distinguish the calculated ground-→ (ground-) excited-state transitions (right column of (Figure 3c right, for state p x , and overlaps of α and β, γ and δ, respectively) reinforces this conclusion. Nevertheless, the excellent agreement between the measured and predicted solid blue curves of Figure 3c demonstrates that the spatial modulation of map C is a genuine effect of Coulomb interaction: In fact, the overlap (dashed blue line) of the noninteracting counterparts of states α and β -the s and p x orbitals, mixed together with the same 1:1 ratio as α and β-poorly compares to C.
Our interpretation is further supported by a study of the dependence of the STS spectra on the stabilization current. Since the tunneling rate through the undoped GaAs tunnel barrier is much larger than the typical tunneling rate from the tip to the QD 6 , in order to systematically investigate charging effects we recorded tunneling spectra at different stabilization currents I stab (i.e., we varied the tip-dot distance) to gradually increase the tunneling rate into the QD in order to populate it 28 . In Figure 4 , we focus on states B and C, which are visible at voltages between 1040 and 1140 mV, dominating the spectra acquired on the QD sides. In the spectra collected at increasing I dV dI / stab , the first (second) peak corresponding to the first (second) p-like orbital gradually disappears (appears). This suggests that at low (high) values of the stabilization current we probe the energy spectrum of an uncharged (charged) However, from Figure 2 peak D appears to be located at an energy where the wetting layer significantly contributes to the spectral density (which is high also outside the QD). So, a coupling is possible and this could explain the increased FWHM observed for state D (Figure 2 ).
In conclusion, we have investigated the role of electron-electron interaction in few-particle QDs by WF mapping. Correlation effects were found to be relevant for tunneling spectroscopy at high tunneling currents, and a many-body picture was developed to explain these features on the basis of theoretical calculations. These results demonstrate the sensitivity of STS to electron correlation. They could inspire experiments for a broad range of nano-objects including carbon nanotubes and single molecules.
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Tersoff, J.; Hamann, D. R., Theory of the scanning tunneling microscope. Physical Review B 1985, 31, (2) As far as the FCI calculation is concerned, there are four parameters: (a) the effective mass, (b) the lateral confinement energy, (c) the dot anisotropy and (d) the static dielectric constant. Among those parameters, the value of (a) is chosen according to the sample material, and the value of (b) is fixed by the identification of the experimentally observed A and B levels with s and p x noninteracting orbitals, respectively. Therefore, there are only two "fitting parameters" left, namely (c) and (d). We would like to remark that, from a theoretical point of view, the effect is robust and it appears whenever anisotropy and/or reduced effective screening are important, as we have verified in many calculations for different sets of parameters. For parts b and c of Figure 3 , we used a confinement energy of 80 meV in the x direction, a major to minor axis ratio of 2.5, and GaAs effective mass. The latter is very close to that experimentally determined for capped MBE-grown InAs QDs. 
Interpretation of state C
We associate states C and D to the tunneling process
. In particular, since the peak FWHM in the WF mapping is around 50 mV, the energy resolution is not sufficient to distinguish the calculated ground-→ (ground-) excited-state transitions (right column of Fig. 3b ) α from β (experimental state C) and γ from δ (D). By assuming a value 2.6 for the voltage/energy conversion factor, the B to C energy splitting is about 38 meV, quite close to that of optical phonons in the InAs/GaAs system. However, we exclude that state C is a phonon replica of B (involving the emission of an optical phonon of the QD or of the GaAs layer below) for the following three reasons.
(i) The dependence of the STS spectra on the stabilization current suggests that state C must be associated to the tunneling process
since it only appears at higher I stab where state B then disappears (the STS levels measured at increasing values of the current correspond to higher values of QD occupancy). On the other hand, we would not expect state B to disappear if it were the main peak associated to elastic tunneling.
(ii) A phonon replica would presumably appear as a small side peak due to a reduction of transition probability (it is a second order process), while B and C states exhibit comparable spectral densities (see Fig. 2 ).
(iii) We did not observe any phonon replica of state s.
Moreover, the small energy splitting between B and C states along with the small blue shift of the whole spectra to higher energies on the QD sides accounts for the high intensity regions on the QD sides visible in the STS spatial map of state C (Figure 2b and Supplementary Figure 2) , which belong to state B.
Effect of the dielectric mismatch among quantum dot, vacuum, and STS tip
As mentioned in the main text, the dielectric mismatch between QD and vacuum is responsible for the appearance of negative image charges on the dot surface, which increases the effective Coulomb repulsion among electrons in the QD. This effect is described in a simple way by the effective value , given by the sum of the bulk pair interaction plus the repulsion with the image charge placed at vertical distance 3398-3401 (2000) ]. The representation of the actual experimental setup should fall somewhere in the middle between the limiting cases of the planar plate and spherical geometries, respectively. In addition, in our calculation the effective dot-tip distance is likely underestimated.
In conclusion, on the basis of a rough estimate we believe the actual value of κ employed in the FCI calculation is sensible.
